Phytoestrogens are plant derived compounds found in a wide variety of foods, most notably soy. A litany of health benefits including a lowered risk of osteoporosis, heart disease, breast cancer, and menopausal symptoms, are frequently attributed to phytoestrogens but many are also considered endocrine disruptors, indicating that they have the potential to cause adverse health effects as well. Consequently, the question of whether or not phytoestrogens are beneficial or harmful to human health remains unresolved. The answer is likely complex and may depend on age, health status, and even the presence or absence of specific gut microflora. Clarity on this issue is needed because global consumption is rapidly increasing. Phytoestrogens are present in numerous dietary supplements and widely marketed as a natural alternative to estrogen replacement therapy. Soy infant formula now constitutes up to a third of the US market, and soy protein is now added to many processed foods. As weak estrogen agonists/antagonists with molecular and cellular properties similar to synthetic endocrine disruptors such as Bisphenol A (BPA), the phytoestrogens provide a useful model to comprehensively investigate the biological impact of endocrine disruptors in general. This review weighs the evidence for and against the purported health benefits and adverse effects of phytoestrogens.
Introduction
Asian populations have historically had lower rates of cardiovascular disease, menopausal symptoms, breast cancer (and other hormone dependent cancers), diabetes and obesity than Western populations [4] . Soy is the cornerstone of a traditional Asian diet, an observation which has long fueled the widely held belief that consumption of soy foods reduces the risk of disease. But is there any evidence to support such an association and if so, which of the many compounds contained in soy could be responsible for alleviating these and other health conditions? One group of compounds that has received considerable attention is the phytoestrogens, many of which are now recognized to be endocrine disruptors. Although they behave similarly to man-made endocrine disrupting compounds (EDCs) on numerous molecular and cellular targets, the attitude of the general public and clinicians toward soy phytoestrogens are generally positive, while their synthetic counterparts are increasingly the subject of mounting public and congressional concern. Moreover, while exposure to most synthetic EDCs such as pesticides (e.g. DDT and methoxychlor), industrial lubricants (e.g. PCBs) and plasticizers (phthalates and Bisphenol A) is frequently associated with alarming statistics regarding declining reproductive health and increasing rates of cancer and obesity [50, 74] , the phytoestrogens remain widely believed to provide an array of beneficial effects, including preventative or therapeutic actions in carcinogenesis, atherosclerosis, and osteoporosis [170, 169, 127, 47, 36] . Source, rather than evidence for effects likely contributes to this incongruous attitude. A growing body of work now cautions that the health benefits frequently attributed to soy may be overstated [16, 115, 234] . Clinical and experimental studies examining the impact of soy or soy phytoestrogen consumption on human health have produced mixed and often conflicting results. Of even greater concern is that emerging evidence suggests that exposure to these compounds may, in fact, pose a risk to some groups, particularly infants and the unborn [231, 187] . So are they helpful or harmful? The answer is undoubtedly complex and may ultimately depend on age, health status, level of consumption, and even the composition of an individual's intestinal microflora. This review examines the pros and cons of phytoestrogen consumption on human health, focusing primarily on the neuroendocrine system.
Consumption levels, metabolism and absorption of common phytoestrogens
Phytoestrogens are naturally-occurring plant compounds that are structurally and/or functionally similar to mammalian estrogens and their active metabolites (Table 1 ) [294] . One major class is the lignans, which are components of plant cell walls and found in many fiber-rich foods such as berries, seeds (particularly flaxseeds), grains, nuts and fruits. Most phytoestrogens, however, are phenolic compounds of which the isoflavones and coumestans are the most widely researched groups. Isoflavones are present in berries, wine, grains and nuts, but are most abundant in soybeans and other legumes [136] . The isoflavone content of an array of foods is now published in numerous on-line databases (reviewed in Schwartz et al. [242] ) the most accessible of which for consumers is maintained by the USDA (Table 2) United States Department of Agriculture [281] .
Daidzein and genistein are the two most well characterized isoflavones and human exposure to these compounds occurs primarily through the consumption of soy-based food and beverage products. Unbeknownst to most consumers, in addition to well recognized soy products such as soy milk, tofu and tempeh, soy is found in upwards of 60% of processed foods [280] . Textured soy protein (50-70% soy protein) is a meat substitute found in hotdogs, hamburgers, sausages and other meat products while soy protein isolate (90% soy protein) is used to enrich energy bars, sports drinks, infant formula, cereals, granola bars, imitation dairy products, ice cream, cheese and even doughnuts. In addition, textured soy protein is used to fortify numerous products in the school breakfast and lunch programs as well as other federal assistance programs [274, 243] . Soy is a popular food additive because it is a cholesterol-free, vegetable protein rich in complex carbohydrates and unsaturated fats, high in fiber, and free of lactose. It also contains upwards of 100 or more phytoestrogens.
In 1999, the US Food and Drug Administration (FDA) approved the use of the health claim that daily consumption of soy is effective in reducing the risk of coronary artery disease [75] , a move which had a rapid and profound impact on the prevalence of soy products. Sales data illustrate this rapid rise in popularity. For example, between 2000 and 2007, more than 2700 new soy-based food products were introduced in the US market and sales of foods containing soy increased from approximately $300 million in 1992 to over $4 billion in 2008 [265] . According to a 2009 report published by the United Soybean Board [282] , 84% of US consumers perceive soy as healthy and 32% purposefully consume soy products at least once a month. Soy isoflavones and other phytoestrogens are also widely available as dietary supplements [250, 217] typically at far higher concentrations than found in soy-based foods. Overall, these sales and marketing data indicate that phytoestrogen intake is rapidly increasing, emphasizing the need to critically evaluate their potential health effects, both beneficial and detrimental, across age groups and populations.
In foods, phytoestrogens are present as mixtures, of which the isoflavones may only constitute a small part. Isoflavones are naturally found as biologically inactive glycoside conjugates containing glucose or carbohydrate moieties. The unconjugated from (aglycone) is the bioactive form. The proportion of conjugated to unconjugated forms varies substantially among foods, but fermented soy foods, such as miso or tempeh, often contain higher levels of the aglycone than other soy-based foods. Once consumed, they are rapidly metabolized and absorbed, entering systemic circulation predominantly as conjugates with limited bioavailability. For example, "free" genistein typically represents only 1-3% of total plasma genistein. Conjugated isoflavones then undergo enterohepatic circulation and return to the intestine where they may be further deconjugated by intestinal microbes. Genistein and daidzein can be derived from their glucosides or from the precursors biochanin A and formononetin, respectively, by the action of intestinal glucosidases [13] . Notably, a very specific type of intestinal microbe is need to bioconvert daidzein to its metabolite equol, and it appears that, at best, only 30-50% of individuals are capable of making that conversion with vegetarians and individuals of Asian origin being most likely [252, 140] . The alternative metabolite is O-desmethylangiolensin (O-DMA). It has not yet been clearly elucidated what factors influence the capacity to produce equol vs. O-desmethylangolensin, but genetics, gut physiology, and diet purportedly contribute to interindividual differences. How these metabolic phenotypes affect human health outcomes is poorly characterized but considerable attention has recently been devoted to understanding the significance of this metabolic step because equol has a higher estrogenic potency than daidzein [251] and some researchers have hypothesized that having the ability to produce equol may be critical for obtain the health benefits associated with consuming a soy-rich diet [139] .
Blood isoflavone levels vary widely, and can be orders of magnitude different between individuals. Part of this variation results from local and/or seasonal differences in food phytoestrogen content. For example, a recent study found that the total isoflavone content of raw soy beans can range from 18 to 562 mg/100 g [175] . Dietary preferences and individual differences in phytoestrogen absorption and metabolism have an even greater impact [108, 160, 228] . Predictably, people who eat more soy-based foods have higher blood levels of isoflavones. Soy is abundant in traditional Asian diets, resulting in isoflavone consumption as high as 50 mg/kg body weight/day [175] . In the US, estimates range from 1 to 3 mg/day for individuals eating a typical "Western" diet [175, 44, 45, 105] . A vegetarian lifestyle or use of supplements can easily elevate phytoestrogen intake to levels at or above Asian levels [217, 175, 171] . This level of intake, even among Western Caucasians, is higher than for most synthetic endocrine disruptors, including Bisphenol A (BPA) which was recently estimate to be approximately 35 ng/kg per day [138] . Blood genistein levels are generally in the range of 25 ng/mL for Asian women, slightly less for vegetarian women, and under 2 ng/ml for US women [287] . For their weight, infants exclusively fed soy-based formula have the highest mean daily consumption of total isoflavones (ranging from 6 to 9 mg/kg per day in 4-month-old infants) resulting in plasma levels approaching 1000 ng/mL (Table 3) . A more recent study confirmed these levels and found some levels to be even higher with the 25th, 50th, and 75th quartiles as high as 405.3, 890.7 and 1455.1 ng/ml [34] . In contrast, infants fed cow's milk formula or human breast milk have plasma isoflavone levels of 9.4 and 4.7 ng/ml, respectively [248, 249, 81] . Soy formula has been estimated to constitute approximately 25% of the infant formula market [14, 77, 20] and at least one report suggests that for women who would prefer to breast feed, but are unable, soy formula is their substitute of choice [20] .
Multiple modes of action including endocrine disruption
How could the phytoestrogens act within the body to confer all the purported health benefits attributed to them? Some isoflavones, most notably genistein, inhibit pathways important for cell growth and proliferation, an effect which affects multiple organ systems. Genistein inhibits the activity of protein tyrosine kinases (PTKs) in numerous tissues including breast cancer cells [216, 31] . PTKs catalyze phosphorylation of their own tyrosine residues and those of other proteins, including growth factors involved in tumor cell proliferation [155] . By inhibiting PTKs, genistein can potentially slow tumorigenesis, an effect that has let many laboratories to explore its therapeutic potential for breast and prostate cancer [8] . PTKs are also highly expressed in several brain regions, including the hippocampus, and phosphoregulation of PTKs is critical for numerous brain responses including synaptic plasticity, neurode-generation and response to neuronal injury [142] . At high doses, genistein suppresses PTK expression in the brain, an effect which is interpreted to be neuroprotective [151] . Inhibition of PTK activity may also play a role in improving cardiovascular function [199] and impeding the vascularization of tumors. In addition to PTKs, genistein can also inhibit other DNA replication enzymes associated with tumorigenesis including DNA topoisomerases I and II [136, 191] and matrix metalloprotein (MMP9). It can also down-regulate the expression of vascular endothelial growth factor (VEGF) along with other related growth factor genes [221] . Phytoestrogens are often good antioxidants and anti-inflamatory agents; genistein and resveratrol are particularly powerful in this regard [227, 233] . These estrogen receptor (ER)-independent properties of genistein, resveratrol and other isoflavones, indicate that they have the potential to affect a wide array of intracellular signaling mechanisms important for regulating cellular growth and protection [157] .
Resveratrol, found naturally in grapes and red wine, has also gained considerable attention of late because high doses have now been shown to significantly extend lifespan in numerous species, including Saccharomyces cerevisiae, Caenorhabditis elegans and Drosophila melanogaster [106, 297, 94] . This effect appears to be conferred by the upregulation of the Sir2 gene (mammalian homolog is SIRT 1, SIR2L1 or Sir2α), a member of the sirtuin family, long hypothesized to play a role in the lifespan-extending effects of caloric restriction [143] . Sir2 is a highly conserved deacetylating enzyme, and overexpression in mice results in lower cholesterol, blood glucose and insulin levels. One notable study using mice fed a high fat diet found that high dose resveratrol (22 mg/kg) could effectively stave off many of the adverse health effects of obesity, resulting in significantly improved survival rates [23] . Although exciting, most of these studies have been generated from the same research team so adequate replication of these effects has not yet been achieved, and there is still debate as to whether or not resveratrol can influence SIRT 1 activity [194, 24] .
Perhaps the most well characterized mode of phytoestrogen action is estrogen receptor (ER) binding. There are two major ER subtypes in mammals, ERα and ERβ (also referred to as ESR1 and ESR2, respectively). As such, phytoestrogens, particularly the isoflavones, fit the Environmental Protection Agency's definition of an endocrine disruptor which characterizes these compounds as those which, "alter the structure or function(s) of the endocrine system and cause adverse effects." This definition includes disruption of lactation, the timing of puberty, the ability to produce viable, fertile offspring, sex specific behavior, premature reproductive senescence and compromised fertility. In animal models, isoflavones produce all of these effects. Recognition of the endocrine disrupting properties of phytoestrogens dates back to the 1940's when ewes grazing on clover rich pastures in Australia were observed to have abnormally high rates of infertility, abortion, and reproductive abnormalities in their offspring [26, 25] . It was ultimately determined coumestrol was primarily responsible for the observed effects [32, 1, 2] . Decades later, a singular case of infertility and liver disease in captive cheetahs placed on a soy-based diet was ultimately attributed to isoflavones [246] . These incidents have raised concerns that isoflavone intake, by mimicking or interfering with endogenous estrogens, could pose a risk to human reproductive health.
In vitro assays have found that, although most phytoestrogens, including the isoflavones, bind both ERα and ERβ, and activate ER-dependent gene transcription through both subtypes, they generally have a higher relative binding affinity for ERβ than ERα [133, 215, 35, 132] . Genistein is 7-to 48-fold more selective for ERβ than ERα, depending on the assay used [133, 132, 17, 107] . The relative estrogenic potency of genistein for ERβ is approximately 30-fold higher than for ERα. Potency estimates vary considerably depending on the assay used [117] , but as a general principle, most isoflavones bind and activate both ERα and ERβ more readily than synthetic EDCs including BPA [133] . Once bound, isoflavones do not act like typical estrogen agonists, but rather more like selective estrogen receptor modulators (SERMS) such as the breast cancer drug tamoxifen which is an ER agonist in the uterus and bone but an antagonist in the breast [193] . This differential activity by phytoestrogens and SERMS results, in part, from the profile of co-activator and corepressor proteins present in the cell. It also now apparent that each ER ligand induces unique conformational changes, which then influences the recruitment of co-regulator proteins and interactions with the estrogen response element (ERE) [159] . In the presence of phytoestrogens and other endocrine disruptors it appears that ERβ is more efficient than ERα at recruiting coactivators including TIF2 and SRC-1a [230] .
The fact that most phytoestrogens bind ERβ more readily than ERα is likely functionally significant because ERα and ERβ are differentially distributed throughout the body and the brain and appear to upregulate different gene families [257, 305, 213, 128, 64, 40] . In breast tumor cells, for example, the suite of genes upregulated by ERβ activation enhance cell cycle progression and generally suppress proliferation while activation of ERα does largely the opposite [40] . In addition to the breast, ERβ is strongly expressed in bone, the cardiovascular system, uterus, bladder, prostate, lung, ovarian granulosa cells and testicular Sertoli and germ cells [132, 158, 131, 284] . This distribution can change over the lifespan and is sexually dimorphic, particularly in the brain, suggesting that the two ER subtypes regulate different aspects of reproduction, behavior and neuroendocrine function and likely have differential roles across the lifespan [224, 258] . For example, the paraventricular nucleus of the hypothalamus (PVN), a region important for the coordination of reproductive, social, and stress related behaviors, primarily expresses ERβ and agonism of ERβ is now recognized to be anxiolytic in castrated rodents [154, 97] . ERβ is also expressed at higher levels than ERα in the basal forebrain, hippocampus and cerebral cortex in the adult [257, 305] , all brain regions critical to memory function and vulnerable to Alzheimer's disease.
Once bound to ERs, phytoestrogens can then initiate transcription either classically through interactions with EREs or by binding early immediate genes, such as Jun and Fos [137] . These non-classical, rapid effects have only recently begun to be elucidated. Steroid hormones, particularly estrogens, are now recognized to initiate rapid, nongenomic actions at the cell surface via a range of mechanisms, including the binding of specialized steroid membrane receptors [72, 147, 172, 173, 285] . Ligand binding to these membrane receptors causes rapid (less than 10 min) and transient (a few hours) activation of second messenger pathways, such as increased intracellular calcium or cAMP levels, resulting in the stimulation of signal transduction pathways important for neuronal signaling, differentiation, and other cellular processes. Initially viewed with some skepticism, these alternative mechanisms of steroid action are rapidly becoming more widely appreciated as possible pathways by which endocrine disruptors can produce biological effects. For example, the first accepted transmembrane ER, GPR30, has proven to be capable of binding a wide range of EDCs including genistein [273] . The functional significance of this pathway, or its disruption, has yet to be fully established. A recent study has now revealed that GPR30 may not have intrinsic estrogenic activity, but rather the potential to induce the activity of a truncated, 36-kDa variant of ERα, called ERα36 [291] , which is expressed on the plasma membrane [123] . Further studies are needed to better characterize the relationship between GPR30 and ERα36 as well as the potential for phytoestrogens and other endocrine disruptors to influence the signaling pathways associated with these receptors.
Phytoestrogens can also manipulate steroid biosynthesis and transport by, for example, stimulating hormone-binding globulin (SHBG) synthesis in liver cells [5] , and competitively displacing either 17β-estradiol or testosterone from plasma SHBG [53] . This subtle deflection of the quantity or availability of SHBG by phytoestrogens changes the free fraction of endogenous hormones in circulation, either systemically or locally. Phytoestrogens can also manipulate endogenous hormone levels by interfering with the enzymes needed for steroid biosynthesis. Coumestrol, for example, attenuates the conversion of [3H]-estrone to [3H]-estradiol in vitro by inhibiting the enzyme 17β-hydroxysteroid oxidoreductase Type 1 in a dose-dependent fashion [79] . Genistein, though weaker, has a similar dose-dependent inhibitory effect. Disruption of aromatase [289, 211, 42] and 5α-reductase [70] by a number of phytoestrogens has also been demonstrated in vitro.
Pros: evidence for health benefits in humans
Numerous epidemiological and clinical studies have now evaluated the relationship between phytoestrogen consumption and human disease outcomes, but the results have not yielded a clear picture as to whether or not these compounds have therapeutic potential [36, 261] . Dose, dietary composition, phytoestrogens administered, and duration of use vary considerably across epidemiological studies making them difficult to intercompare. Some feeding trials are limited by markedly small sample sizes, and several widely popularized studies were funded, at least in part, by the manufacturers of soy and soy-based supplements leading to some mistrust. Nonetheless, there is considerable public interest in the legitimacy of the claims being made regarding benefits to heart, bone, breast and menopausal symptoms. Unfortunately, the data supporting these claims are not strong in most cases, thus the degree to which phytoestrogen consumption confers meaningful health benefits remains unresolved (Fig. 1). 
Menopausal symptoms
The first widely attributed health benefit of phytoestrogen consumption was relief from vasomotor perimenopausal symptoms, including hot flushes and night sweats. For some women, the severity of these symptoms can markedly diminish their quality of life and interfere with daily activities. Although pharmaceutical hormone replacement therapy is effective in most cases, this option has fallen out of favor because of fears that its use increases the risk of developing breast cancer risk [238, 27] . Incidence of vasomotor symptoms is higher in Western countries (70-80% of women) than in Asian countries (10-20%) [135] , an observation which has led to the now popularly held belief that soy phytoestrogens may bring relief. Unfortunately, demonstrable evidence for such an association is weak at best, with most clinical trials showing no or minimal relief. One feature that stands out in nearly all studies is a large placebo effect [115, 135, 254, 134] . In 2004 the North American Menopause Society issued a position statement which read, in part, "Among nonprescription remedies, clinical trial results are insufficient to either support or refute efficacy for soy foods and isoflavone supplements (from either soy or red clover), black cohosh, or vitamin E [277] ." Despite this uncertainty, dietary supplements continue to be popular, particularly among women seeking a "natural" alternative to hormone replacement therapy [134, 266] .
Prevention of osteoporosis
Another consequence of aging is the progressive loss of bone-mineral density, a process that accelerates during perimenopause and increases fracture risk. Estrogens help maintain normal bone density, and it has been hypothesized that phytoestrogens may confer similar benefits. Results from animal studies, although inconsistent and negative in some cases, are nonetheless encouraging. Numerous phytoestrogens including coumestrol, genistein, daidzein and others have been reported to have bone sparing effects in the rat [36, 59, 63, 10, 102, 149, 302, 244 ] but efficacy appears to depend on dose, route and duration of administration, and, to some degree, the animal model employed. In ovariectomized (OVX) post-menopausal monkeys, soy phytoestrogens were ineffective, even after 3 years of intake [222] . Evidence for measurable effects in humans is equally mixed. At least one study has found that post-menopausal women consuming high quantities of soy foods have better femoral and/or lumbar spine density compared to women who consume less soy [301] . A 2009 meta-analysis of randomized clinical trials conducted in humans, however, found only a weak association between increased consumption of soy isoflavones and improved bonemineral density, leading the authors to conclude that soy isoflavones were unlikely to meaningfully reduce the risk of osteoporosis [152] .
Bone sparing benefits may depend on the ability to bioconvert daidzein to equol. Equol production may also at least partially explain why the beneficial effects of isoflavones observed in laboratory rodents have not been easily recapitulated in humans, because while the most laboratory species (rats, mice and monkeys) consistently produce high levels of equol, only approximately a third to half of the human population appears capable of doing so [252, 140] . Equol is a chiral molecule with the natural enantiomer, S-equol having a 13-fold higher relative binding affinity for ERβ than ERα [177] . In contrast, the R-enantiomer has a stronger affinity for ERα. S-equol also binds ERβ better than its parent compound, daidzein [177] . It is not yet clear which enantiomer has more potent bone sparing effects. In OVX rats, daily consumption of 200 mg/kg racemic equol for 8 weeks moderately elevated femoral calcium concentrations but also increased uterine weight [144] . Lower doses also appear to be effective in bone without inducing uterine proliferation, yielding hope that it might be beneficial for human bone without unwanted estrogenic side effects [166] . To date, few clinical trials have considered equol production as a potentially important variable, but at least one found that consumption of isoflavones (18 g soy protein powder or 105 mg isoflavone aglycone equivalents) for a year failed to improve bone-mineral density in postmenopausal women, even among equol producers [126] . This finding, however, conflicts with prior studies [244] including one which found a 2.4% increase in lumbar spine bonemineral density among equol producers following ingestion of an isoflavone-rich soy milk over 2 years [156] . Dose, duration of therapy and subject age may have contributed to the incongruous results emphasizing the need to understand more about the mechanism by which equol and other phytoestrogens act to enhance bone density. Interest in the potential for equol to improve bone and other aspects of human health remains a hot topic of investigation and a potentially fruitful area of research [139] . For many women, adding soy to an already healthful diet may be an appealing choice to help stave off bone loss in midlife.
Cardiovascular health and the prevention of heart disease
The purported health benefit that has arguably received the greatest attention and, consequently, stimulated the rapid proliferation and adoption of soy foods in Western countries, is a reduced risk of cardiovascular disease. The 1999 approval by FDA of the health claim that daily consumption of soy is effective in reducing the risk of coronary artery disease [75] has undoubtedly cemented the idea in the minds of many that soy is beneficial for human health. It is impossible to walk among US grocery store aisles without spotting this claim which reads, "Diets low in saturated fat and cholesterol that include 25 grams of soy protein a day may reduce the risk of heart disease. One serving of (this food) provides (this amount) of soy protein." Similar claims and labeling policies quickly followed in other countries including the United Kingdom, Japan, Korea and South Africa. However, because of mounting evidence that such a claim might be spurious, in December of 2007, the FDA announced its intent to reevaluate the data justifying this claim [76] , a process than was still ongoing as this review went to press. Similarly discouraging, the American Heart Association issued a statement in August of 2005 warning that "Earlier research indicating that soy protein as compared with other proteins has clinically important favorable effects on low density lipoprotein (LDL) cholesterol and other cardiovascular disease risk factors has not been confirmed by many studies reported during the past 10 years [234] ." A recent review of the animal data also concluded that although marginal benefits have been observed, the impact of soy consumption on LDL levels and other cardiovascular risk factors are smaller than previously hoped [47] .
There are numerous risk factors for cardiovascular disease including high blood pressure, obesity, C-reactive protein levels, systemic arterial compliance and the ratio of "good" (high density lipoprotein, HDL) to "bad" (LDL) cholesterol. Of these, only marginally reduced LDL levels are a consistent feature of human and animal studies of soy intervention. The most significant reductions in LDL cholesterol levels are generally small (3% or less) and only seen in individuals with high cholesterol who replace a substantial portion of their animal protein intake with soy, consuming between 40 and 318 mg isoflavones per day [234] . For example, daily administration of soy supplements providing 0.7-1.5 mg/kg isoflavones over 5 or 12 weeks did not alter serum lipids in men or women with average cholesterol levels [87, 176, 103, 182] , but lowered LDL levels have been reported in hypercholesterolemic women following soy isoflavone therapy [220] .
Intriguingly, removal of the isoflavones from the soy protein does not eliminate the modest impact on LDL levels, suggesting that the soy protein itself, rather than the isoflavones, is producing the modest benefit [56] . An important consequence of this finding is the implication that use of phytoestrogen supplements, rather than substituting soy protein for animal protein as part of a balanced diet, is unlikely to confer meaningful cardiovascular benefits. Whether or not the individual isoflavones or another aspect of soy protein itself is responsible for producing the modest improvement in cardiovascular health must be disentangled. Regardless, people at risk for heart disease may want to consider replacing at least a portion of their meat intake with soy.
Breast cancer: pro or con?
Determining if phytoestrogens increase or reduce the risk of developing breast cancer has proven to be one of the most challenging human health impacts to address. It is well established that estrogens promote breast tumorigenesis, and that parameters which increase lifetime estrogen exposure (such as early menarche, short duration breastfeeding, and low parity) are associated with elevated breast cancer risk. Because they bind ERs with relatively high affinity, some researchers and clinicians are concerned that high phytoestrogen intake may increase the risk of carcinogenesis and put breast cancer survivors at risk for reoccurrence. Others have proposed that the opposite is true, citing traditionally low cancer rates in Asia as evidence [141] . Depending on the assay used, levels of endogenous estrogen present, life stage, and tumor type, genistein can act as both a proliferative and an antiproliferative agent [272, 30] . For example, in vitro, genistein can inhibit proliferation of ER-positive and ER-negative breast cancer cells at high doses (>10 M), but, paradoxically, promote tumor growth at lower, more physiological doses [171, 290] . Tamoxifen and other selective estrogen receptor modulators (SERMs) used for breast cancer therapy can also have mixed effects depending on dose and tissue type [192] . The SERM-like activity of soy phytoestrogens makes dietary guidelines particularly difficult to issue with confidence.
A relatively large number of studies have taken an epidemiological approach to address these concerns, but the results have differed by region and patient population. A Dutch study comparing plasma isoflavone levels in women with and without breast cancer found that high plasma levels of genistein were associated with a 32% reduction in breast cancer risk [286] . Most studies, however, have failed to corroborate such a profoundly beneficial effect of genistein. A meta-analysis, supported in part by the Susan G Koman Breast Cancer Foundation, concluded that, for Asian women, the risk of developing breast cancer drops as soy intake rises. As little as 10 mg of soy per day was sufficient to decrease breast cancer risk by 12% [299] . This association was not found for Caucasian women, but average daily isoflavone intake in this group was considerably lower (under 1 mg per day). Thus, it is unclear, if higher intake levels would have been beneficial for Caucasian as well as Asian women. Paradoxically, a different meta-analysis of 18 studies published between 1978 and 2004 found a protective effect of soy in pre-menopausal Caucasian women, but not women of Asian descent [278] .
Dietary intervention studies have generally produced negative results. One of the largest found that consumption of 50-100 mg isoflavones per day for 1-2 years did not reduce mammographic density, a biomarker of increased risk [161, 163] . Administration of a dietary supplement containing red clover derived isoflavones also failed to alter mammographic breast density after 1 year [12] . The impact of soy on breast cancer survivors is also unclear and appears to differ by ethnicity. The most recent study on breast cancer survivors examined 5042 Chinese women aged 20-75, and found that soy intake was significantly associated with a decreased risk of death and/or recurrence [255] . These results are consistent with a prior study, also done in Chinese women, which found chemopreventitive effects of soy consumption, particularly among pre-menopausal women [306] . As described previously, equol production has emerged as an important variable for achieving bone sparing effects and it may also prove to be an important predictor of cancer protection. An association between equol production and reduced breast cancer risk has been observed in at least one study of Caucasian women [88] . Additional studies are needed to further explore the relationship between equol production and breast cancer risk.
Phytoestrogens may have the biggest impact on lifetime risk when exposure occurs prior to puberty and possibly before birth. Although not an initial goal of the study, a Hawaiian research group found an association between high soy intake during early life and increased breast density, a risk factor for breast cancer [163] . The study consisted of 220 premenopausal women and was designed to determine if consumption of approximately 50 mg of isoflavones over 2 years in adulthood could reduce breast density. This intervention failed but life history data obtained during the process led the authors to conclude that Caucasian women who ate more soy over their lifetime had denser breast tissue than those who did not. This observation is not consistent with an earlier study, which found that, in Chinese women, high intake over a lifetime is directly correlated with reduced risk of cancer [141] .
Results from perinatal exposure in animals have also been mixed. For example, one early study of this hypothesis found that rat pups born to mothers that consumed genistein (25 or 250 mg/kg diet) during gestation and lactation developed fewer breast tumors [84] . A more recent study, however, found that neonatal, subcutaneous administration of 5 or 50 mg/kg genistein stunted mammary gland development and the animals, particularly those given the higher dose, exhibited abnormal ductal morphology including reduced lobular alveolar development, and focal areas of "beaded" ducts lined with hyperplastic ductal epithelium [195] . Subcutaneous administration of a lower dose (0.5 mg/kg genistein), produced the opposite effect. In these animals mammary gland development was advanced and no significant ductal malformations were observed in adulthood suggesting that accelerated differentiation might reduce cancer risk. This biphasic effect of genistein on breast tissue development and differentiation indicates that dose may be an important factor when considering risk. The hypothesis that exposure to soy phytoestrogens early in life can alter the timing and character of breast development is supported by a 2008 cross-sectional study of 694 girls in Israel, which found increased prevalence of breast buds in 2-year old girls fed soy formula as infants [308] . It is unclear how this may impact their lifetime risk of developing breast cancer but argues for a more thorough investigation of the possible relationship between early life phytoestrogen exposure, premature thelarche, and breast cancer risk.
Overall, although research in this area has been intense over the past two decades, results from both in vivo and in virto studies have been frustratingly incongruous [68] . Recent, comprehensive reviews of the human studies suggest a modest inverse association between risk and high soy intake [278, 300] but this trend is generally not supported by data from the animal literature [292] . To date, no clear consensus has been reached on whether or not phytoestrogens are helpful or harmful, or when they might be contraindicated for some groups. Unfortunately, despite the need for guidance, in many published reviews of the topic too many authors shy away from making definitive recommendations and instead suggest that women "discuss the issue with their health care provider." This directive is unhelpful because it abdicates responsibility to clinicians, who are no more capable of giving informed opinions on the subject than research scientists. Although a myriad of factors such as patient age, hormone receptor status of breast tumors, ethnicity, alcohol consumption, and other dietary habits likely all interact and complicate the potential impact of soy consumption on breast tumor proliferation, movement towards a clear consensus-based set of guidelines is badly needed [276, 99] . Given the evidence that adding soy foods to an already healthy diet may have modest but measurable benefits on bone and cardiovascular health, women without serious risk factors for breast cancer or a family history of breast cancer could likely incorporate soy into their diet without significant concern.
Cons: the endocrine disrupting properties of phytoestrogens in the adult brain and reproductive tract
In a 2008 clinical case report, physicians at SUNY Downstate Medical Center treated three women (aged 35-56) for a similar suite of symptoms including abnormal uterine bleeding, endometrial pathology and dysmenorrhea. In all three cases, symptoms ameliorated after soy intake was reduced or eliminated, demonstrating that consumption of particularly high isoflavone levels can compromise female reproductive health [38] . The youngest of the three had been on a soy-rich diet since age 14 and was experiencing secondary infertility, a condition that resolved and resulted in a pregnancy once she reduced her soy consumption. Isoflavone intake was not quantified, but estimated to exceed 40 g per day in the oldest of the three patients. It remains to be determined if these cases are atypical or sentinels of a legitimate public health concern. Because soy consumption is increasing so rapidly, and so many products now contain soy, along with its isoflavones and other phytoestrogens, this possibility clearly warrants greater attention.
Disruption of endogenous hormone levels and the ovulatory cycle
Animal and human studies evaluating phytoestrogen effects on the adult hypothalamicpituitary-gonadal (HPG) axis following adult exposures have been fairly consistent and reveal the potential for suppression. Multiple studies have documented the estrogenic activity of phytoestrogens in ovariectomized rodents [54, 235, 239] and, in humans, it is generally accepted that consumption of isoflavones-rich soy foods suppresses circulating estrogen and progesterone levels and can attenuate the preovulatory surge of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) [298, 179, 65] . Notably, however, a handful of studies have found no impact of isoflavones on female hormone levels at all. One of the most recent of these followed 34 women consuming 100 mg of isoflavones per day for a year and found no changes in luteal phase levels of estradiol, estrone, progesterone, SHBG, FSH or LH at months 1, 3, 6 or 12 [162] . Another also failed to find altered circulating gonadal hormone levels in 14 women given soy cookies containing 52 mg of isoflavones or isoflavone-free cookies for 5 days. Interestingly, at least one study found suppressed luteal estradiol levels following increased soy intake, but only in women of Asian descent [298] , indicating ethnicity could be an underappreciated factor when considering the potential human health effects of soy isoflavones. With such small samples sizes in all of these studies, however, they may have been too underpowered to detect effects. A 2009 meta-analysis concluded that, in pre-menopausal women, isoflavone intake increases cycle length and suppresses LH and FSH levels [104] . This conclusion is consistent with the clinical case report from SUNY Downstate Medical Center [38] and indicates that use of soy foods should be approached with caution in women attempting to become pregnant or experiencing menstrual cycle irregularities.
Behavior
Our research has revealed that isoflavone intake can suppress female sex behavior in rats. Administration of a commercially prepared phytoestrogen supplement to adult female rats, at a dose that results in serum levels between those seen in Western and Asian (human) adults, attenuated lordosis to the same degree as the SERM tamoxifen [207, 204] . The supplement treated group displayed significantly fewer proceptive behaviors than the tamoxifen treated group, demonstrating the potential for soy isoflavones to suppress sexual motivation. Intriguingly, administration of genistein alone did not recapitulate these effects on sexual behavior [205] suggesting that a compound, or mixture of compounds, other than genistein was responsible for the suppressed sexual behavior. Studies using ERαKO mice have shown that ERα is required for the normal expression of both male and female sexual behavior [189, 225, 190] indicating that activity through ERα may be mediating this behavioral change.
Other behaviors may be affected as well including social, aggressive, and anxiety-related behaviors. Increased aggression and circulating testosterone levels have been reported in male Syrian hamsters maintained for 5 weeks on the soy-rich Purina 5001 diet compared to control animals fed a soy-free diet [174] . Animals on the phytoestrogen-rich diet also had lower vasopressin receptor (V1a) expression in the lateral septum but higher V1a expression in lateral hypothalamus indicating that the altered behavior might result from changes within vasopressin signaling pathways. Similarly, male rats maintained on a diet containing 150 µg/ g genistein and daidzein displayed increased anxiety and elevated stress-induced plasma vasopressin and corticosterone levels [98] . Elevated hypothalamic vasopressin has also been reported in rats fed a diet containing 1250 ppm genistein across the lifespan [236] . Anxiolytic effects of phytoestrogen-rich diets have also been reported in gonadally intact male and female rats exposed over their entire lifetimes but not when administered briefly in adulthood [145] . Phytoestrogen intake can also affect behavior in non-human primates. Male cynomolgus monkeys fed soy protein isolate containing 1.88 mg isoflavones/g protein over 18 months demonstrated higher frequencies of intense aggressive (67% higher) and submissive (203% higher) behaviors as well as a decreased proportion of time (68% reduction) spent in physical contact with other monkeys [260] .
ER-dependent gene expression in the brain
Phytoestrogens have widespread effects in the adult brain which have previously been reviewed in detail elsewhere [145, 201, 146, 202] . Both the PVN and the ventromedial nucleus (VMN) are critical nuclei for the initiation and regulation of sex behavior [214] and each contains primarily one ER subtype. Only ERβ is expressed in the PVN while the VMN contains primarily ERα [256] . Coumestrol and genistein stimulate ERβ mRNA expression in the PVN, an effect opposite to that of 17β-estradiol [205, 203] . It is not yet clear what the functional significance of this might be but the PVN is the primary site of oxytocin (OT) production, a peptide hormone important for social behavior and the facilitation of sexual behavior [296, 33, 229] . Estrogen stimulates OT production, a process that is regulated through ERβ [206] . Oxytocin then binds to its receptor (OTR) in the VMN, a nucleus critical for mediating the lordosis response in females [214] . ERα is required for the upregulation of OTR [206, 304] . Consumption of the commercially prepared phytoestrogen supplement described previously, attenuated the estrogen-dependent up-regulation of OTR in the rat VMN [204] , an effect which was accompanied by reduced lordosis.
Cons: evidence for endocrine disruption during development
A possibility of increasing concern is that phytoestrogens may interfere with the organizational role of estrogen in the developing brain and reproductive system (Fig. 1) . Regardless of animal model used, manipulation of estrogen during specific critical windows of development throughout gestation and early infancy leads to a myriad of adverse health outcomes including malformations in the ovary, uterus, mammary gland and prostate, early puberty, reduced fertility, disrupted brain organization, and reproductive tract cancers [50, 258, 183, 89, 90, 150] . These effects mirror some very disturbing public health trends in Western nations. For example, in the United States and Europe median age at menarche, first breast development, and sexual precocity has steadily advanced, especially among minority populations [9198] . Similar trends have been documented among children adopted from developing countries by Western parents [9] . There are also indications that female fecundity is declining, even among young women, although the rate and degree to which this is occurring has been difficult to quantify. Among men, sperm counts in the United States and Europe appear to have declined by roughly half over the past 50 years [270] . In Demark, it is now estimated that more than 10% of men have sperm counts in the infertile range and up to 30% are in the subfertile range [121] . Rates of testicular cancer also appear to be increasing. Another study showed that infant boys born to vegetarian mothers had increased incidence of hypospadias (malformation of the male external genitalia) [186] suggesting that dietary components (perhaps phytoestrogens) cross the placenta and cause adverse effects on the developing fetus. The causes of these reproductive health trends are likely complex and multi-faceted, but rapidity of the increase in reproductive and behavioral disorders suggests an environmental, endocrine disrupting component [164] . Whether or not isoflavone phytoestrogens could be one such component is now the subject of rigorous debate and has caught the attention of public health officials in the US and abroad.
Soy-based infant formulas: prevalence and phytoestrogen content
Isoflavones can pass from mother to fetus through the placenta, and have been found in human umbilical cord blood and amniotic fluid at levels comparable to concentrations seen in maternal plasma, indicating that fetal exposure is possible (Table 3 ) [7] . These levels are considerably lower, however, than blood levels in infants exclusively fed soy formula.
Initially developed as an alternative to bovine milk formulas for babies with a milk allergy, use of soy infant formula in the US has steadily risen in popularity. An estimated 25% of US infants, approximately one million each year, are now raised on soy formula, largely because of perceived health benefits or to maintain a vegetarian lifestyle, rather than concerns about cow milk allergies, colic, or other health concerns [14, 77, 20] . The widespread prevalence of popular media articles touting the beneficial effects of soy have undoubtedly contributed to its selection by mothers trying to make the most healthful choice for their babies.
Total isoflavone content in soy infant formula varies widely due to environmental and genetic differences between batches and sources, but is consistently higher than in most other food sources [248, 81, 245, 122] . Infants on soy formula consume approximately 6-9 mg isoflavones per kg body weight per day, an amount, when adjusted for body weight, that is up to seven times higher than for adults meeting the FDA soy consumption guideline, or Asians consuming a traditional soy-based diet (0.3-1.2 mg/kg per day) [248, 81, 18] . It was initially thought that, because the gastrointestinal tract of infants is undeveloped compared to adults, they would not be able to completely absorb the isoflavones. At least one study, however, reports that infants as young as 4 weeks can digest, absorb and excrete isoflavones as effectively as adults [113] . Moreover, plasma isoflavone levels are an order of magnitude higher in infants than adults, even when levels of intake are similar [249] . Infants fed soy formula have circulating phytoestrogen concentrations of approximately 1000 ng/ml, 13,000-22,000 times higher than their own endogenous estrogen levels, 50-100 times higher than estradiol levels in pregnant women and 3000 times higher than estradiol levels at ovulation [249, 14, 295] . These blood levels are high enough to produce many of the physiological effects observed in research animals and human adults. In addition, they are at least a level of magnitude higher than those reported for other endocrine disruptors including BPA (Table 3 ) and the phthalates [50] . A recent prospective study in human infants observed that female infants on soy-based infant formulas exhibit estrogenized vaginal epithelium at times when their breast fed or cow based formula counterparts did not, suggesting estrogenic activity of the soy infant formula [28] . Determining if use of soy infant formulas can have long term reproductive health effects is a public health imperative.
Diethylstilbestrol (DES): lessons from history
Effects of endocrine disruption in the developing fetus are likely to be subtle and not readily apparent at birth, a lesson learned from the tragic case of diethylstilbestrol (DES), a synthetic estrogen prescribed to upwards of 10 million women between 1938 and 1971 [183, 85] . Initially thought to reduce the risk of miscarriage, a claim that ultimately turned out to be incorrect, belief in its healthful benefits was so widespread, that it was eventually recommended as a routine prophylactic for all pregnant women, regardless of miscarriage history [58, 262, 232, 197] . Non-medical use of DES was also common, and therefore a significant source of DES exposure for millions of others, albeit at lower doses. Products containing DES included lotions, shampoo and growth enhancers for chicken and cattle. Unfortunately, many children, both male and female, born to women prescribed DES during pregnancy subsequently developed reproductive health problems as adults. Adverse effects were first detected in 1971, decades after DES use had become commonplace. Two physicians noted that an extremely rare form of vaginal clear cell carcinoma was appearing in DES daughters more frequently than in unexposed women, and at a much younger age [100, 101] . It was subsequently established that DES exposure in utero can also result in vaginal dysplasia, vaginal and/or cervical adenosis, malformations of the uterus, cervix and vagina, increased risk of testicular cancer, lower sperm count, undescended testes, infertility, late spontaneous abortion, premature delivery, and other pregnancy complications [183, 232, 197] . In general, the severity of the health effects correspond with timing and level of exposure, an observation which was the first, clear demonstration of how important it is to consider "critical windows of exposure" when attempting to predict potential consequences of human exposure to endocrine disruptors, such as the phytoestrogens.
So is another reproductive health tragedy silently unfolding with the use of soy infant formula? Most of the reproductive outcomes following fetal exposure to DES were predicted by or replicated in animal models [183, 168] emphasizing the importance of animal models for adumbrating potential adverse effects of endocrine disruptors in humans. Evidence for concern is emerging from a steady stream of laboratory animal data. The difficulty for public health agencies, parents and physicians is determining if the observed effects reliably predict what is likely to be happening in humans.
Animal data: disruption of brain sexual differentiation
In the rat, genistein readily crosses the placenta and in the fetal brain, the bioactive aglycone form is present at levels comparable to circulating levels in the dam [60] . In addition, the transfer of genistein to the brain from systemic circulation appears to be more efficient in prenatal animals than adults [39] indicating that it and other isoflavone phytoestrogens could interfere with the organization of estrogen sensitive neuroendocrine signaling pathways. Hormone mediated architectural and functional changes within the HPG axis occur during a series of well defined critical periods spanning gestation through puberty, resulting in sex specific physiology and behavior in the adult animal [258, 90, 48] . Interference with the hormone-sensitive formation of these pathways could result in irreversible developmental defects, potentially making development one of the most susceptible periods for phytoestrogen and EDC exposure over the lifespan.
The sexually dimorphic brain region that is most frequently used as a "biomarker" of endocrine disruption in rats is the sexually dimorphic nucleus of the preoptic area (SDN-POA). The volume of the SDN-POA is enhanced by estradiol aromatized from perinatal, testicular androgen [90] , and is five to six times larger in males than females [92] . Both ERα and ERβ are expressed in the SDN-POA across the lifespan but ERα appears to play a dominant role in masculinizing SDN-POA morphometrics [213, 256, 200] . In rats, numerous studies have been undertaken to determine the extent to which phytoestrogens and other EDCs can alter SDN-POA volume in both sexes. Although not always in complete accordance, the data have generally shown the potential for genistein and other phytoestrogens to act as estrogen agonists in the brain. When administered prenatally through adulthood, genistein increases SDN-POA volume in males but not females [237] . No enhancement, however, was observed in males exposed from birth through weaning [148] or in males exposed on only the first few days of life [208] suggesting that exposure must be ongoing to maintain the enlargement. Consistent with this hypothesis, males fed a phytoestrogen-rich diet during development and puberty, then switched to a phytoestrogenfree diet in adulthood had smaller SDN-POA volumes than males fed the phytoestrogen diet across the entire lifespan [153] but these results are difficult to interpret because unexposed, control animals were not included in the analysis. Effects in female rats have been less robust but consistent with an estrogenic effect of genistein, at least at high doses. Masculinizing effects on female SDN-POA volume have been reported following subcutaneous administration on PND 0-10 of 500 or 1000 µg of genistein but not lower amounts [71] . Other studies have not seen genistein-induced changes in female SDN-POA volume, even at doses high enough to be uterotrophic [148, 165] .
Another sexually dimorphic region sensitive to endocrine disruption is the locus coeruleus (LC), a noradrenergic brain stem nucleus that is an important component of the stress axis and may play a role in depression and Parkinson's Disease [223, 66] . The LC is normally larger in females and contains a greater density of cells than the male LC. Pre-and postnatal exposure to moderate levels of the phytoestrogen resveratrol, abolished the sex difference in LC volume and cell density by demasculinizing the male brain [130] . In this case, no changes in SND-POA volume were found underscoring the complexity and site-specificity of isoflavone action in the brain. Both ERα and ERβ are expressed in the adult rat LC [256] but only ERα is expressed in the postnatal LC [213] suggesting that resveratrol may be acting through an ERα-dependent mechanism.
Recent studies in our laboratory have focused on the organization of sexually dimorphic hypothalamic nuclei critical for preovulatory gonadatropin release in female rats. The neural components of the HPG axis that coordinate the secretion of gonadotropin releasing hormone (GnRH), are sexually differentiated by endogenous gonadal hormones during a series of pre-and perinatal critical periods [49] . In female rodents, the population of GnRH neurons lying just rostrally to the anterior ventral periventricular nucleus (AVPV), respond to rising levels of estrogen and generate the surge of luteinizing hormone (LH) that precedes ovulation [91, 67] . This population is often referred to as the "GnRH surge center." In humans, the GnRH surge center appears to be functional by the end of the first trimester [95] , while in rodents this system does not sexually differentiate until the first few days of the neonatal period [52] . Within the male rodent brain, testicular testosterone is converted to estrogen by the enzyme aromatase, and it is this estrogen that is primarily responsible for defeminizing/masculinizing the hypothalamic nuclei of the HPG axis during development. At birth, if endogenous estrogen is blocked in males, either by castration, by blocking the action of aromatase, or by blocking hypothalamic estrogen receptors, the HPG axis fails to defeminize and the capacity to elicit a gonadal surge remains (Fig. 2) . In contrast, neonatal estrogen can defeminize the female HPG axis and thus eliminate the future emergence of the female estrous cycle. Therefore, interference with estrogen at birth, either by blocking estrogen activity in males or by triggering estrogen signaling in females, can result in the improper differentiation and function of the HPG axis across the lifespan.
We have found that subcutaneous administration of 10 mg/kg genistein, a dose that is approximately equivalent to the total amount of isoflavones ingested by infants fed soy formula, over the first 4 days of life, advanced vaginal opening and compromised the ability to maintain a regular estrous cycle in female rats [21] , effects which have also been observed by other research groups [129] . These physiological changes were accompanied by an impaired ability to stimulate GnRH neuronal activity (as measured by the immunoreactivity of both of GnRH and FOS) following ovariectomy and hormone priming (Fig. 3) . This finding indicates that the capacity to generate a GnRH surge is compromised. Because it has long been appreciated that estrogen administration during this neonatal critical period typically induces a similar suite of effects, our data indicate that neonatal genistein exposure has a defeminizing effect on the organization of the female rat HPG axis.
It is important to emphasize that in humans androgen, rather than estrogens, is thought to be most important for masculinizing the brain during development [95, 288] . This species difference makes organizational neuroendocrine effects in animals difficult to apply to human risk assessment because it is not readily apparent how estrogenic compounds, like the phytoestrogens, might impact the sexual differentiation of the human hypothalamus or other brain regions. Our lab has tried to address this by exploring the impact of perinatal phytoestrogen exposure on a neuroendocrine system that was initially discovered in humans: the kisspeptin system. It has rapidly become apparent that neurons which express the kiss1 gene are the primary gatekeepers of GnRH release in many species, including rats and humans [188, 125, 263, 264, 181] . This gene codes for a family of peptides called kisspeptins (previously called metastins). In rodents, kisspeptin neurons lie predominantly within two sexually dimorphic hypothalamic regions, both of which were already well appreciated for their importance in regulating GnRH secretion: the AVPV and arcuate (ARC) nucleus [256, 96, 219, 218, 259] . AVPV kisspeptin neurons are more numerous in females than males and are thought to be essential for steroid positive feedback and the initiation of the preovulatory GnRH surge [125, 264, 226, 93, 114, 46] . In contrast, kiss1 mRNA expression in the ARC is not thought to be sexually dimorphic and appears to be important for the regulation of steroid negative feedback and, possibly, pubertal onset [125, 124] . We recently showed that neonatal exposure to 10 mg/kg genistein significantly decreases the density of neuronal fibers immunoreactive for kisspeptin in the AVPV but not the ARC of female rats (Fig. 3) [209, 22] . This was accompanied by early vaginal opening (a hallmark of puberty in the rat), premature anestrous and blunted GnRH activation. Our findings suggest that disrupted organization of kisspeptin signaling pathways by genistein may be a novel yet comprehensive mechanism underlying a suite of reproductive abnormalities in females.
Animal data: abnormal development of the female reproductive tract
Altered timing of pubertal onset and estrous cyclicity following perinatal phytoestrogen exposure has been shown by us and others in rodents [21, 129, 118, 185] . Mice or rats treated perinatally with lower doses of genistein (0.5-10 mg/kg) advance the timing of vaginal opening while higher doses (50 mg/kg) have no impact or delay it. Estrous cyclicity is also disrupted following developmental exposure to genistein. Mice or rats treated neonatally with genistein spend significantly longer periods of time in the estrous phase of the cycle; this abnormality increases in severity with increasing dose as well as increasing age [21, 129, 118] . Other investigators have shown similar estrous cycle alterations in experimental animal models including a study by Nikaido et al. which reported developmental exposure to numerous environmental estrogens, including genistein, resveratrol, zearalenone, and Bisphenol A, resulted in extended estrous cycles when the animals became adults [185] . This is similar to mice exposed perinatally to DES [167] further confirming the idea that developmental exposure to estrogens causes disruptions in estrous cyclicity. These abnormalities could result from organizational disruptions anywhere within the HPG axis, including the ovary. Other aspects of reproductive tract development may be vulnerable as well.
In rodents, neonatal exposure to genistein alters ovarian differentiation, reduces fertility and causes uterine cancer later in life. Most of these studies have been done with subcutaneous injections of the aglycone form of the compound, genistein. Mice treated by subcutaneous injection of genistein at a dose of 50 mg/kg/day have peak serum circulating levels of genistein of 3.4-6.2 µM [61] . These levels are similar to infants on soy-based infant formulas (1-5.4 µM) [34, 247] . This level of genistein exhibits estrogenic activity in the neonatal mouse as measured by uterine wet weight gain during the time of treatment [184] .
Neonatal, subcutaneous injection of genistein at doses of 0.5, 5 and 50 mg/kg/day produced a dose-dependent increase in the number of mice with multi-oocyte follicles (MOFs) in the ovary prior to puberty with almost all of the mice in the highest treatment group having MOFs [116] . This effect is mediated through ERβ since mice lacking ERβ do not develop MOFs following neonatal treatment with genistein [116] . The formation of MOFs was further characterized by observing ovarian development during the time of neonatal treatment [119] . At birth, mice have large oocyte clusters or nests; these nests dissociate into individual oocytes surrounded by granulosa cells during the first week of life [212] . Treatment with genistein at a dose of 50 mg/kg on days 1-5 inhibits this differentiation process leaving the oocytes together in nests and still attached to each other by intercellular bridges. This study also showed a higher percentage of unassembled oocytes (those not completely surrounded with granulosa cells) further supporting the limited differentiation of the ovary in genistein treated mice. MOFs have also been found in rats treated during development with genistein suggesting that this occurrence is not limited to mice [178] . Further, the presence of MOFs has also been noted in humans, supporting the idea that effects observed in animal models translate to humans, although the cause in humans is still not known. Several other estrogenic compounds have also been found to cause MOFs if exposure occurs during development including 17β-estradiol, DES and Bisphenol A [111, 109, 110, 269] confirming that estrogenic substances alter ovarian differentiation. It has also been shown that oocytes derived from MOFs have reduced quality since in vitro fertilization of these oocytes is markedly reduced compared to single oocyte follicles [111] . However, a recent study in our laboratory showed that eggs from mice treated neonatally with genistein had normal morphology (normal meiotic spindles) and fertilized equally as well as eggs from control mice suggesting the major contributor of infertility in these mice is not egg quality [120] . One caveat is that these studies were done in young mice (2 months of age) and it is not known if the quality of the eggs decreases later in life.
Altered ovarian function has also been observed following developmental exposure to genistein. A recent study from our laboratory showed the complete lack of corpora lutea (CL) and anovulation at 4 months of age following neonatal exposure to genistein at 50 mg/ kg on days 1-5 indicating ovarian function was disrupted [3] . Doses of genistein lower than 50 mg/kg showed enhanced ovulation rates as evidenced by increased numbers of oocytes ovulated following exogenous gonadotropins at 26 days of age [116] as well as increased numbers of CLs at 4 months of age [118] . Whether these effects are due to a direct effect on the ovary or an indirect effect on the HPG axis is not fully elucidated, but an indirect mechanism appears most likely, as shown by the following studies. Exogenous gonadotropins restored ovarian function in mice treated with the high dose of genistein as evidenced by similar numbers of oocytes ovulated compared to controls. In addition, higher neonatal doses of genistein exposure were associated with decreased pituitary responsiveness and suppressed LH production in response to GnRH stimulation [71] . The LH surge is necessary for ovulation so lower levels of LH may explain the lack of ovulation seen in the high dose treated mice. Interestingly, in that same study rats treated with lower doses of genistein (0.01 mg/kg) were hyper-responsive to GnRH stimulation leading to enhanced ovulation rates similar to data from our laboratory using younger mice treated neonatally with low doses of genistein and again in older mice with increased CLs at 4 months of age [71, 118, 116] . These data are consistent with our own demonstrating that neonatal exposure to genistein in rats abrogates GnRH neuronal activation following hormone priming as measured by fos co-immunoreactivity with GnRH in neurons [21] . These data taken together, suggest that the HPG axis is disrupted following developmental exposure to genistein.
Female fertility is also disrupted in rodents following developmental exposure to genistein. Female mice treated with lower doses of genistein (0.5 and 5 mg/kg) showed no difference in the numbers of mice delivering live pups compared to controls at 2 and 4 months of age. However, by 6 months of age, a reduction in the percentage of mice delivering live pups in both treatment groups compared to controls was seen as well as a reduction in the number of live pups in the mice that delivered; these findings suggest early reproductive senescence [118] . Mice treated neonatally with genistein (25 mg/kg) exhibit reduced fertility at 2 months of age with only 4 out of 8 (50%) plug positive mice delivering live pups. Female mice treated neonatally with genistein (50 mg/kg) did not deliver any live pups at 2 months of age (0/8 mice) suggesting mice exposed developmentally to this dose are infertile. A study from another laboratory supports our findings since rats treated with genistein (100 mg/kg) also showed disruption of fertility [178] . Since mice treated with genistein 50 mg/kg did not deliver live pups, additional studies were conducted to characterize the source of infertility. Less than half of the genistein treated mice showed signs of pregnancy following vaginal plug positive compared to almost all of the controls. In addition to low numbers of pregnancies, the females that were pregnant had smaller and fewer implantation sites compared to controls. There were also visible reabsorption sites in some of the genistein treated mice. One possible explanation for these implantation defects is that the environment of the uterus or the hormonal milieu is not suitable for implantation. However, serum hormones measured during pregnancy did not reveal any deficiencies in hormones needed to maintain pregnancy such as progesterone and estradiol suggesting that these are not a likely cause of the implantation problems [118] . Another possibility for implantation problems and early pregnancy loss is that the oocyte itself is of poor quality. As mentioned previously, this is not the case since eggs retrieved from genistein treated mice have good morphology and are equally fertilizable as control eggs [120] . Further study revealed that the oviductal and uterine environments are not suitable to maintain pregnancy. There is a 50% loss of embryos during transit through the oviduct of genistein treated mice and embryo transfer experiments showed that the uterus of genistein treated mice is not capable of sustaining pregnancy even if the blastocysts are from control mice (Fig. 4) [120] . These data suggest that there is a permanent change in the function of the female reproductive tract that leads to complete infertility in these mice.
One of the main criticisms of these studies and others is the route of exposure, subcutaneous injection of the aglycone form, genistein. To address these concerns a recent study was conducted to compare oral exposure of the glycosylated form, genistin with the previous work. Genistin is the predominant form found in soy based products and human infants are exposed orally. Mice exposed on neonatal days 1-5 with oral genistein at doses of 25 and 37.5 mg/kg/day exhibit estrogenic activity similar to mice exposed by subcutaneous injection with genistein at doses of 20 and 25 mg/kg [120] . It takes about 80% of the subcutaneous dose to cause the same level of uterine weight gain as the oral dose suggesting the compound is readily absorbed and reaches the target organs (e.g. reproductive tract). Circulating levels of total genistein reached peak values higher than following subcutaneous injection (19.2 µM vs. 6.2 µM) but the total area under the curve was very similar, 83% of the subcutaneous dose. The aglycone levels were about 50% of the subcutaneous dose but the biological activity was around 80%. This data suggests that resulting biological activity is complex and the peak and total circulating levels may contribute to the overall biological effect. It is not possible to conduct these type of experiments in human infants so the only levels we have are single point levels at unknown times post feeding so they cannot be directly compared; however, similar levels are attained in both rodents and human (µM range).
Female mice treated orally with genistein at doses of 6.25, 12.5, 25 and 37.5 mg/kg developed multi-oocyte follicles, altered vaginal opening and altered estrous cyclicity in a dose dependent manner similar to previous studies using subcutaneous injections of genistein [120] . These mice also developed subfertility increasing in severity with increasing dose and over time similar to mice exposed by subcutaneous injection of genistein. This study confirms that it is not the route of exposure that is important but the amount of biologically active compound that gets to the target.
Animal data: abnormal development of the male reproductive tract
There is a surprising paucity of data on the developmental effects of phytoestrogens in males (reviewed in 2009) [37] . To date, no data on the long term consequences of gestation-only exposure are currently available. There was a large multi-generational study conducted in rats exposed to genistein through the diet throughout the lifetime of the animal [55] . The dose range finding portion of this study exposed rats to genistein in the diet starting on gestational day 7 and through lactation until weaning and then in the diet until postnatal day 50 (adulthood). The doses used in that study were approximately 0.3, 1.7, 6.4, 16, 38, and 72 mg/kg to the dam and 0. 6, 3, 11, 29, 69 , and 166 mg/kg to the pups after weaning. In addition to females developing ductal/alveolar hyperplasia in the mammary gland, males in this study developed mammary gland hypertrophy at doses at or above 11 mg/kg and mammary gland hyperplasia at doses at or above 29 mg/kg. Males in this study had reduced prostate weight following the highest dose. There were very few additional effects on the male reproductive tract in this study. However, studies examining the actual dose of the chemical that entered circulation revealed that there was very minimal exposure to the neonates through lactation so the male rats were exposed primarily prenatally and in adulthood but not during the neonatal period [62] . More studies should be conducted to determine potential adverse effects in males during critical periods of development, particularly during neonatal life. A pair of studies that have had a profound impact on the field, and greatly contributed to health advisories in Europe was conducted in marmosets. Twins were fed either soy formula or milk formula. Males on the soy diet had lower serum testosterone concentrations and higher numbers of Leydig cells at the discontinuation of soy formula use. As adults, the soy fed marmoset had larger testes and lower serum testosterone levels than its twin demonstrating that the impacts were persistent [271, 253] .
Con: evidence for long term health consequences of soy infant formula in humans
The question of whether or not soy formula is safe has been extensively debated across the globe for more than a decade, and a litany of review articles and position papers have been published on the subject [248, 29, 15, 19, 86, 279, 307, 41] so an extensive overview will not be recapitulated here. The National Toxicology Program recently completed its most recent safety assessment of soy infant formula (available at http://cerhr.niehs.nih.gov/chemicals/genistein-soy/SoyFormulaUpdt/ FinalEPReport_508.pdf) and concluded there is "minimal concern for adverse developmental effects." To put this classification in context, the NTP uses a 5 level scale and this is level 2 (with 5 being the most serious level of concern). It is the same levels of concern initially expressed for BPA until mounting evidence for wide ranging health effects pressed the FDA to elevate that advisory to "some concern" in January, 2010. The isoflavone phytoestrogens genistein and daidzien, as well as many others, have far greater relative binding affinities for both ERα and ERβ than BPA, raising concern that these compounds pose an underappreciated threat to infant development.
In 2008 the American Academy of Pediatricians (AAP) concluded that in terms of nutritional quality "isolated soy protein-based formula has no advantage over cow milk protein-based formula" and that soy formula has "no proven value in the prevention or management of infantile colic or fussiness" but stopped short of recommending against its use. Internationally, use of soy formula is viewed more cautiously than in the US. For example, the United Kingdom, Australia and New Zealand all caution against indiscriminate use [41] . Other nations offer it only by prescription and, consequently, use of soy formula is customarily lower in these countries. These types of advisories are confusing for parents and have done little to quash the idea that soy formula is a healthful alternative to breastfeeding.
An apparent lack of notable long term effects is one reason why so many consumers, clinicians and public health agencies consider regular use of soy formula to be safe, even beneficial. This near absence of documented effects in soy-fed infants is not entirely reassuring, however, because although soy infant formula has been widely available for more than four decades, surprisingly little work has been done regarding its potential long term effects on reproduction, fertility or behavior. Historically, epidemiological studies have mainly focused on nutritional status, growth parameters, and impacts on the thyroid system because soy has long been recognized to induce hypothyroidism and goiter when not counteracted with elevated iodine intake [43, 57] . Very few have explored the possibility that soy formula use can impact reproductive development or function and those which have, are hampered by insufficient sample sizes and the absence of appropriately sensitive measures. The task is not easy because, as with many endocrine disrupting compounds, isoflavone effects, if present, may not manifest for years, even decades, and are likely mild enough to escape clinical detection.
The earliest evidence for reproductive health effects came from two studies, conducted in the mid 1980's, which associated neonatal phytoestrogen exposure with thelarche before age 2 in a population of Puerto Rican girls. A number of confounding factors, however, including the consumption of chicken that had been fattened with potent estrogens, make the data problematic and difficult to interpret [83, 240] . Within the last decade, a retrospective cohort study of 952 women found that young women fed soy-based infant formula (248 women) as part of a controlled, University of Iowa feeding study, reported longer menstrual bleeding and menstrual discomfort than those who were fed a non-soy-based formula (563 women) [268] . At the time the study was conducted, the women were too young to comprehensively examine pregnancy or fertility outcomes, but, now that nearly a decade has past, this area is ripe for reevaluation. Most recently, soy formula consumption has been linked to a greater risk of developing uterine fibroids [51] . The study population included over 19,000 women enrolled in the Sister Study, making it one of the largest and most highly powered epidemiological evaluations of the long term reproductive health impacts of soy formula.
When considering the potential safety of soy formula, one argument that frequently comes up is that Asian populations have been consuming soy for a long time, with no obvious consequences. This argument fails to recognize, however, that intake levels between Asians consuming a traditional soy-rich diet and Caucasians eating a typical "Western" diet differ dramatically over the lifespan. This temporal divergence may explain why there appear to be differences in both the pros and cons of phytoestrogen exposure between the two populations. In Asian populations, soy consumption is high across the entire lifespan, except for a brief 6-8 month neonatal breastfeeding window. In Westerners feeding their babies soy infant formula the pattern is just the opposite, and the highest consumption levels occur in the first year of life then drop to near zero. In Asia, soy is consumed mostly in the form of tofu, tempeh, and other unprocessed foods, not as dietary supplements or products enriched with soy protein isolate. Asian populations also eat considerably higher levels of seafood and low levels of animal fat than Western populations. These variables make the two populations quite distinct in terms of lifestyle, dietary habits, and lifetime phytoestrogen exposure. Thus, phytoestrogen effects may differ between the two groups, a possibility that should be taken into account when interpreting epidemiological data.
Conclusions
Phytoestrogens are intriguing because, although they behave similarly to numerous synthetic compounds in laboratory models of endocrine disruption, society embraces these compounds at the same time it rejects, often with vigor, use of synthetic endocrine disruptors in household products. Thus, phytoestrogens both expand our view of environmental endocrine disruptors and propound that the source of the compound in question can influence the direction and interpretation of research and available data. While the potentially beneficial effects of phytoestrogen consumption have been eagerly pursued, and frequently overstated, the potentially adverse effects of these compounds are likely underappreciated. The opposite situation exists for synthetic endocrine disruptors, most of which have lower binding affinities for classical ERs than any of the phytoestrogens but can sometime produce similar biological effects. Animal data reveal that the isoflavones have a wide range of molecular, cellular and behavioral effects at doses and plasma concentrations attainable in humans. In vivo isoflavone responses have been reported for a wider range of tissues and processes than the endpoints generally used to evaluate most synthetic EDCs [293] , yet only minimal concern has been raised about their increasing use. Infants fed soy formula have the highest exposure to any nonpharmacological source of estrogen-like compounds, yet we know virtually nothing about how the use of these phytoestrogen-rich formulas might impact their future reproductive health. Although relative few adverse effects have been detected, that may simply be because a surprising paucity of large-scale, comprehensive studies have been undertaken to address this issue, especially in boys. That may change in the near future because the health effects of endocrine disrupting compounds in general are receiving more attention from public health agencies, and the public at large.
As with many other compounds, like alcohol or caffeine, there are many pros and cons associated with moderate soy intake. Consumers should be aware that soy contains endocrine disrupting compounds and make dietary choices accordingly. For a typical consumer, alarm over soy products is likely unnecessary but so is the belief that a soy-rich diet will alleviate all ills. Women who are pregnant, nursing, or attempting to become pregnant should use soy foods with caution and be aware that soy formula may not be the best option for their babies. Older individuals, especially those with high cholesterol, may experience modest benefits including improved bone and cardiovascular health, and perhaps a decreased risk of carcinogenesis. Moderation is likely key and the incorporation of real foods, as opposed to supplements or processed foods to which soy protein is added, is probably essential for maximizing health benefits. Finally, the relative importance of the soy protein itself, compared to the isoflavones, on health outcomes such as lipid levels, reduced risk of carcinogenesis, and fracture risk must be resolved. If something other than the isoflavone phytoestrogens is producing the mild but measurable health benefits of soy foods, this would considerably help shape the development of dietary guidelines for both adults and children. Summary of the pros and cons of genistein. The illustration depicts the rat hypothalamicpituitary-gonadal (HPG) axis, indicating key components (in red) known to be vulnerable to disruption by genistein administration during critical windows of development. Developmental exposure to genistein can also result in abnormal development of the accessory sex glands (blue). Artwork by Barbara Aulicino. Edited and reprinted by permission of American Scientist, magazine of Sigma Xi, The Scientific Research Society. During the neonatal period, estrogen (E2), aromatized from testicular testosterone (T), defeminizes the male rodent brain such that a GnRH surge cannot be elicited by steroid positive feedback. If E2 action is blocked, by castration, inhibition of aromatase, or disruption by endocrine disruptors, then the female GnRH pattern results. In females, the ovaries are quiescent at birth. Thus, the female-typical GnRH secretion pattern develops in the absence of E2. The administration of E2 during this critical period produces the male pattern, and the loss of the preovulatory GnRH surge. We have found that administration of 10 mg/kg genistein to neonatal females in abrogated GnRH activation by steroid hormones, an effect which is consistent with defeminization. Summary of the disruptive effects of neonatal genistein or equol exposure in the female rat HPG axis. (A) Day of vaginal opening (a hallmark of puberty in the rat) is advanced in female rats neonatally exposed to estradiol benzoate (EB) or genistein (GEN) but not equol (EQ) during the first 4 days of life compared to vehicle treated controls (OIL). (B) By 15 weeks of age only 29% of GEN and 25% of EQ exposed animals displayed a regular estrous cycle compared to 100% of the control animals and none of the EB treated animals. (C) Immunolabeling of GnRH (red) and Fos (green) was used as an indicator of GnRH activation following hormone priming. The percentage of GnRH neurons immunopositive for Fos was significantly lower in the animals neonatally exposed to GEN or EQ indicating that both defeminized steroid positive feedback signaling pathways. (D) The density of neuronal fibers immunopositive for kisspeptin (KISS, red) surrounding GnRH neurons (green) was significantly lower in animals neonatally treated with EB or GEN but not EQ. Reduced stimulation of GnRH by kisspeptin neurons may be a mechanism by which GnRH activity is impaired in females exposed to GEN and possibly other isoflavones during development. (Means ± SEM, *p ≤ 0.05.) 
